We report on a systematic study of the phase transitions to polariton condensation (PC) and further to cavity lasing in a GaAs-based microcavity with respect to exciton-cavity detuning and lattice temperature. Using far field and time-resolved spectroscopy, we determined the parameter space in which PC can be achieved and the corresponding variation of PC threshold power. We found a lower bound of À12 meV for the exciton-cavity detuning and an upper bound of 90 K for the lattice temperature. Since the observation of the so-called strong coupling regime in semiconductor microcavities, 1 the field of semiconductor based cavity quantum electrodynamics has been intensively studied due to many promising applications such as inversionless polariton lasers 2 or building blocks for all-optical logic circuits. [3] [4] [5] [6] In the last years, Bose-Einstein condensation (BEC) of exciton-polaritons, which is a prerequisite for a polariton laser device, was reported for different material systems such as CdTe, 7 ZnO, 8 GaN, 9 and GaAs. 10 On the road towards a polariton laser, systematic studies need to be done in order to determine the optimal operating parameters. Detailed investigations of the threshold power dependence on the lattice temperature and the exciton-cavity detuning for GaN-based 11, 12 and CdTe-based 13,14 microcavities were accomplished. However, for GaAs-based microcavities, there exist only studies for one single detuning 15 or for a limited range of temperatures and detunings. 16 Moreover, there is an ongoing debate about the distinction between polariton condensation (PC) and cavity lasing (CL) 17, 18 and the identification of unique criteria for PC is still in the focus of current studies. 19, 20 An interpretation of coherent emission in the weak coupling regime in terms of a photon BEC has also been suggested. 21 In this contribution, we present a systematic investigation of the phase transitions to PC and CL for a wide range of temperatures and detunings in a GaAs-based microcavity. Thereby, we determined an upper limit of temperature of 90 K and a lower limit of d ¼ E c À E x ¼ À12 meV of detuning for PC in our sample, where E c (E x ) denotes the energy of the cavity (exciton).
We investigated a GaAs-based k=2-microcavity with a Rabi splitting of about 14 meV and a quality factor of about 1800 (further details on the sample are given in Refs. 15 and 20) . The sample was mounted in a helium-flow cryostat, measurements were performed in a temperature range of 10-110 K. For optical excitation, a picosecond-pulsed titanium-sapphire laser (repetition rate 75.39 MHz) was tuned to the first sideband minimum of the distributed Bragg reflector (DBR) stopband at about 1666 meV. The laser beam was focused under 45 of incidence onto the sample, the shape of the spot was Gaussian and about 30 lm in diameter.
The emission from the sample was collected using a microscope objective (numerical aperture 0.26); the far field emission was studied by imaging the Fourier plane of the objective onto the entrance slit of a monochromator. For detection, a liquid nitrogen-cooled CCD-camera was used. Time-resolved measurements were accomplished with a streak camera (time resolution 3-4 ps). Here, spectral resolution was provided by a liquid crystal filter (full width at half maximum 0.7 nm) positioned in front of the streak camera.
Figs. 1 and 2 show example far field emission images for different excitation power levels P for detunings of d ¼ À7:0 meV and d ¼ 7:7 meV at T ¼ 10 K. For the negative detuning case, one observes a blue shift of 1.9 meV with respect to the minimum of the lower polariton (LP) branch at the phase transition to PC [P ¼ P thr , Fig. 1(b) ]. At high excitation power, two different modes occur [ Fig. 1(d) ]. We attribute the low energy mode to PC and the high energy mode to bare CL, which is in good agreement with the calculated dispersion. The occurrence of strong and weak coupling regimes is due to carrier density changing during one excitation pulse (see also Fig. 3 ). In contrast, for the positive detuning case, a rather large blue shift of 13.8 meV at the phase transition to PC is observed [ Fig. 2(b) ]. Surprisingly, PC occurs at higher energies than the expected cavity mode. At slightly higher excitation power of P ¼ 1:56P thr , one further mode appears at an energy even above the upper polariton branch [ Fig. 2(c) ].
For this experimental setting, we have performed an additional streak camera measurement [ Fig. 3 ]. The high energy peak exhibits a pulse duration (full width at half maximum) of about 6 ps. After the decay of the high energy peak, the low energy peak rises with a pulse duration of about 15 ps. We construe this observation as follows: After the decrease of the carrier density, a transition back to the strong coupling regime takes place; the bare CL breaks down and PC arises. Thus, the high energy peak can be attributed to bare CL, the low energy peak to PC. A transition from weak to strong coupling regime during one excitation pulse was also observed previously. 21 For high excitation power, only a single mode is observed [ Fig. 2(d) ], which we attribute to CL. mode. At strong negative detuning d < À12 meV, the emission lies approximately at the expected cavity mode. In the case of high excitation power, two emission modes can be seen in a range of d ¼ ½À10; 3 meV as discussed in detail above for the case of d ¼ À7:0 meV [ Fig. 1(d) ].
Time-resolved measurements reveal the same results as shown in Fig. 3 . The high energy peak has a pulse duration of about 6-7 ps and is followed in time by the low energy peak with a pulse duration of about 15-30 ps. We, therefore, attribute the high energy mode to pure CL and the low energy mode to PC. Also for d > 3 meV, two mode emission can be found, but only in the case of intermediate excitation power (typically P < 10P thr , [ Fig. 2(c)] ). For d < À13 meV, no significant shift in energy can be observed when increasing the excitation power from P ¼ P thr to P > 10P thr . This can be explained by a direct transition to CL without occurrence of PC.
From these findings, we conclude three criteria that need to be fulfilled to observe a phase transition to PC: (i) emission energy E < E c at threshold for negative detuning, (ii) occurrence of two modes for excitation power levels above threshold in pulsed regime, and (iii) further blueshift of the emission when increasing the excitation power far above threshold. According to these criteria, PC can be observed in a range of d ¼ ½À9:8; 7:7 meV for T ¼ 10 K [Fig. 4(a) ], d ¼ ½À12:0; 8:3 meV for T ¼ 30 K, d ¼ ½À10:3; 9:3 meV for T ¼ 50 K, and d ¼ ½À8:0; 11:6 meV for T ¼ 70 K. 22 Note, however, that the upper d-bound is determined by our sample edge that does not allow larger positive detunings. Apparently, there exists a lower bound for PC with respect to detuning for the investigated structure when reaching a negative detuning in the order of magnitude of the Rabi splitting. Possibly, a reduced carrier scattering cross section due to high photonic fraction prohibits the formation of PC. This finding coincides with earlier measurements at quasi-resonant excitation in which a lower bound for PC was observed at d ¼ À10 meV. 23 At temperatures from T ¼ 90 K, no phase transition to PC occurs since there is only one mode observable and no significant further blueshift can be seen when increasing the excitation power far above threshold [ Fig. 4(b) ]. 22 This finding is in good agreement with earlier results at d ¼ 0 meV. 15 For all temperatures, a prominent blueshift of CL with respect to the expected cavity mode for positive detunings is determined. This seems to contradict studies in which a redshift of the cavity mode was reported. 17, 18 However, in these studies, continuous wave lasers were used which create a rather equilibrium background carrier distribution in contrast to our experimental situation. We note that a blueshift of the cavity mode with increasing carrier density was reported by another group at negative detuning. 24 In addition, we investigated the dependence of the emission on the excitation power. Fig. 5 shows example inputoutput (I-O) curves and the corresponding power dependent spectra (in-plane momentum jk jj j < 0:085 lm À1 ) at three different detunings. For detunings of d ¼ 2:3 meV and d ¼ À8:9 meV, two modes of emission and an additional blueshift when increasing the laser power above threshold can clearly be seen [ Figs. 5(a) and 5(c) ]. In contrast, for a large negative detuning of d ¼ À15:6 meV, only one mode of emission without additional blueshift is observed [ Fig. 5(e) ]. Therefore, we conclude that for d ¼ 2:3 meV and d ¼ À8:9 meV PC can be achieved, whereas in the latter case only CL occurs. Earlier, there was a claim that the observation of a two-threshold behavior in the I-O curve is a prerequisite for the occurrence of PC. 17 According to our data, this is not necessarily the case: Whereas there is evidence for two thresholds in the I-O curve in the case of d . From previous reports, it is well known that a two-threshold behavior in the I-O curve can be very pronounced in further confined structures as nanowires 25 and micropillars. 26 However, there are only a few publications in which such an effect was observed in planar microcavities. 15, 20, 27 Here, we want to emphasize that the two-threshold criterion with respect to the I-O curve might be sufficient but it is not a prerequisite for the observation of PC. Fig. 6 shows the threshold power dependence on detuning at different temperatures. The lowest threshold is observed for T ¼ 10 K and d % 6 meV. When going to negative detuning, the PC threshold power increases due to less efficient scattering into the k jj ¼ 0-state and shortened LP lifetime. On the other hand, when going to positive detuning the effective mass rises due to higher excitonic fraction of the LP and therefore the threshold increases again for d > 6 meV.
Interestingly, there is no sharp increase of the threshold power observable when going from strong to weak coupling regime around d ¼ ½À12; À8 meV in the temperature range of T ¼ 10 À 70 K. The inset of Fig. 6 shows the dependence of threshold power on lattice temperature for three different detunings (d ¼ À5 meV; d ¼ 0 meV, and d ¼ 5 meV), in which PC can be achieved up to T ¼ 70 K. While there is a systematic rise of threshold with increasing temperature, there is no significant jump observable when going from strong coupling regime at T ¼ 70 K to weak coupling regime at T ¼ 90 K. A rather small increase of threshold, namely a doubling, was recently reported in a high-finesse GaAs-based microcavity for d ¼ À5 meV when going from strong to weak coupling regime in a temperature range of T ¼ 25-70 K. 27 For a similar configuration (d ¼ À5 meV, T ¼ 30-90 K), we observe an increase by a factor of 4.
In conclusion, we determined precise parameters with respect to exciton-cavity detuning and sample temperature at which PC can be observed. A lower limit of À12 meV for detuning and an upper temperature of 90 K was found for PC. However, the observation of two thresholds in the I-O curve is not a prerequisite for the occurrence of PC in this study.
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